The effect of hydrogen peroxide on the activities of catalase and superoxide dismutase (SOD) in S. cerevisiae has been studied under different experimental conditions: various H 2 O 2 concentrations, time exposures, yeast cell densities and media for stress induction. The yeast treatment with 0.25 − 0.50 mM H 2 O 2 led to an increase in catalase activity by 2 − 3-fold. At the same time, hydrogen peroxide caused an elevation by 1.6-fold or no increase in SOD activity dependently on conditions used. This effect was cancelled by cycloheximide, an inhibitor of protein synthesis in eukaryotes. Weak elevation of catalase and SOD activities in cells treated with 0.25 − 0.50 mM H 2 O 2 found in this study does not correspond to high level of synthesis of the respective enzyme molecules observed earlier by others. It is well known that exposure of microorganisms to low sublethal concentrations of hydrogen peroxide leads to the acquisition of cellular resistance to a subsequent lethal oxidative stress. Hence, it makes possible to suggest that S. cerevisiae cells treated with low sublethal doses of hydrogen peroxide accumulate nonactive stress-protectant molecules of catalase and SOD to survive further lethal oxidant concentrations.
Introduction
The oxidative stress response in bacteria and yeast has been analyzed in detail by assessing the changes at the transcriptional and translational level in cells challenged with different oxidants [1] [2] [3] [4] [5] [6] . However, recent studies in which comparative genomic, proteomic and * E-mail: lushchak@pu.if.ua other approaches were used reported a lack of correlation between the mRNA and protein levels of many genes [7] . As one explanation, many levels of cellular organization other than transcription and translation may be involved in adaptive response to environmental changes. It follows that active enzyme is one of the final and most important stage in cellular adaptation.
Godon et al. and Lee et al. reported that hydrogen peroxide at low sublethal concentrations caused induction of synthesis of cytosolic catalase T (14.7-fold) and both superoxide dismutases (SODs): mitochondrial Mn-SOD (5.9-fold) and cytosolic Cu,Zn-SOD (4.3-fold) in S. cerevisiae [1, 2] . However, earlier it has been shown that S. cerevisiae treatment with sublethal concentrations of hydrogen peroxide increased the activity of both catalases T (cytosolic) and A (peroxisomal) by only about 2-fold [8] . The latter is confirmed in our recent study, where beside weak elevation of the activities of catalase A and T, we have also found that exposure of S. cerevisiae cells to hydrogen peroxide did not change either SOD1 (cytosolic) or SOD2 (mitochondrial) activity [9] .
Since different strains of microorganisms, and even the same strain from different sources, may demonstrate various patterns of response to oxidative stress [9] [10] [11] [12] , the discrepancy between the abovementioned results could be associated with different yeast strains used as well as various conditions for stress induction. In order to clarify the situation, we investigated cell response to hydrogen peroxide in three S. cerevisiae wild-type strains under different stress conditions. Low increase in catalase and SOD activities caused by sublethal doses of hydrogen peroxide found in the present work does not correspond to the high level of catalase and SOD synthesis observed earlier [1, 2] .
Taken together, the previous reports on the ability of microbes to survive lethal oxidative stress after cell treatment with low concentrations of oxidant, the necessity of protein synthesis for this phenomenon [5, 6, [13] [14] [15] [16] , the abovementioned observations by Godon et al. and Lee et al. [1, 2] , and the present results, suggest that yeast cells exposed to low sublethal doses of hydrogen peroxide accumulate non-active stress-protectant molecules such as catalase and SOD for rapid adaptation to consequent lethal oxidative stress.
Experimental procedures

Materials
Phenylmethylsulphonyl fluoride (PMSF) and cycloheximide were obtained from Sigma (USA); N, N, N , N -tetramethylethylenediamine (TEMED) and quercetin were obtained from Reanal (Hungary). Inorganic chemicals were obtained from Reachim (Russia). All the other chemicals were of analytical grade. Yeast extract was from Biogene (Great Britain). 
Strains and growth conditions
Preparation of cell-free extracts
Cells from the experimental cultures were harvested and resuspended in lyses buffer (50 mM K-phosphate (pH 7.0), 1 mM PMSF, 0.5 mM EDTA). Cells were disrupted by vortexing for 15 cycles of 1 min with 1 volume of glass beads (0.5 mm) followed by 1 min of cooling on ice. Cell debris were removed by centrifugation for 15 min at 15,000 g. The cell extracts were kept on ice for immediate use.
Enzyme activities assay
The activity of SOD was assayed at 406 nm as the inhibition of quercetin oxidation by superoxide anion [17, 18] . One unit of SOD activity was defined as the amount of soluble protein of supernatant which inhibited the quercetin oxidation reaction by 50% of maximal inhibition. Dismutation of hydrogen peroxide by catalase was measured at 240 nm using an extinction coefficient for hydrogen peroxide of 39.4 M −1 cm −1 [17, 18] . One unit of catalase activity is defined as the amount of supernatant protein that utilizes 1 μmol of substrate per minute. The activities were measured at 25
• C and expressed per milligram of soluble protein in supernatant.
Protein concentration and statistical analysis
Protein concentration was determined by the Coomassie brilliant blue G-250 dye-binding method [19] with bovine serum albumin as the standard. Experimental data are expressed as means ± SEM, and statistical testing used the Student's t-test.
Results and discussion
Effect of H 2 O 2 sublethal concentration on the activities of catalase and SOD in different strains of S. cerevisiae
Previous studies reported that synthesis of catalase and SOD in S. cerevisiae was dramatically increased upon cell exposure to low doses of hydrogen peroxide [1, 2] . However, increasing number of resent studies reported that in many cases there is no correlation between the mRNA and/or protein levels and activity of respective enzymes [7, 10, 11] . Since active enzyme is the final and most important step in a cellular adaptive response to any environmental challenges, we examined the effect of hydrogen peroxide on the activities of catalase and SOD in S. cerevisiae, and compared these activities with the protein levels of catalase and SOD documented previously [1, 2] . It is well known that different strains of microorganisms and even the same strain from different sources may have various sensitivities to oxidants [9] [10] [11] [12] . At the same time, cell response toH 2 O 2 depends on conditions for stress induction. In this study, we usedS.cerevisiae YPH98-the same strain which was employed earlier with the same stress conditions [1, 2] . Table 1 shows the activities of catalase and SOD under oxidative stress, induced by 0.25 mM H 2 O 2 for 30 min in YPH98 cells resuspended in K-phosphate buffer to an OD 600 of 0.1. As seen, hydrogen peroxide increased catalase activity by 2.0-fold and did not change SOD activity. Next, we tested two other S. cerevisiae wild-type strains -YPH250 and EG103 (Table 1 ). In the case of YPH250, catalase and SOD activity was 3.4-and 2.0-fold higher, respectively, than in the untreated cells. At the same time, activity of catalase and SOD in EG103 cells exposed to hydrogen peroxide was virtually the same as the control value. The fact that the above observations differ from the results indicated a strong elevation in protein synthesis of catalase T (14.7-fold), Cu,Zn-SOD (4.3-fold) and Mn-SOD (5.9-fold) in S. cerevisiae YPH98 [1, 2] and confirm report by Inoue and colleagues on the increase in catalase activity by about 2-fold in S. cerevisiae YPH250 caused by cell treatment with low amounts of H 2 O 2 [8] . It should be noted that the effect of 0.25 mM H 2 O 2 on the activities of examined enzymes in S. cerevisiae YPH250 and YPH98 was cancelled by cycloheximide, an inhibitor of protein synthesis in eukaryotes (not shown). Hence, yeast response to stress induced by low doses of hydrogen peroxide requires synthesis of protective enzymes de novo, which is in agreement with the previous observations [1, 2, 14, 20] . Searching for more pronounced effect of hydrogen peroxide on the activity of antioxidant enzymes, we changed H 2 O 2 concentration, time exposure, yeast cell density, and medium for stress induction in the subsequent experiments. 
, and did not change SOD activity ( Figure 1B ). As seen in the figure, under yeast cell exposure to hydrogen peroxide at the concentrations higher than 0.5 mM catalase activity somewhat varied without any significant difference comparing to the untreated control cells. However, the activity decreased significantly as compared to the maximum observed at a concentration of 0.25 mM. Earlier in the experiments in vivo and in vitro, we have found that in E. coli catalase activity does not depend linearly on hydrogen peroxide concentration [21] . This suggests that observed decrease in catalase activity was due to its inactivation by high concentrations of substrate. Besides that, the low sublethal concentrations of hydrogen peroxide increased catalase activity ( Figure 1A ). The variation of catalase activity in cells exposed to different H 2 O 2 concentrations may reflect complicated intracellular activation/inactivation balance which seems to be strongly dependent on extracellular environment, including concentrations of oxidants. The significant decrease in SOD activity in the cells treated with 1.0 − 10 mM H 2 O 2 ( Figure 1B) could be explained by the oxidation in SOD active centre [13, 22, 23] . Moreover, hydrogen peroxide is known to be responsible for the carbonylation and consequent inactivation of Cu,Zn-SOD [24, 25] which represents up to 90% of the total SOD activity in the yeast cells [26] . Earlier we found a strong positive correlation in vivo between catalase and SOD activities [17, 18] . In this study, catalase and SOD activities also positively correlated (R 2 = 0.74) in the yeast cells treated with 0.25 − 10 mM H 2 O 2 ( Figures 1A   and 1B) . On the basis of the previous reports [13, 17, 18, [22] [23] [24] [25] , it is supposed that in vivo catalase could protect SOD against inactivation caused by hydrogen peroxide. However, if an extracellular concentration of hydrogen peroxide exceeds the sublethal one, oxidative processes predominate; consequently, SOD and even catalase might be inactivated. In our previous study, we have observed the low survival of S. cerevisiae under stress induced by H 2 O 2 concentrations higher than sublethal doses [9] . Thus, we cannot exclude that low yeast viability to some extend may justify the low activity of catalase and SOD.
3.3 Activity of catalase and SOD during H 2 O 2 -stress in the yeast: dependence on cell densities and media for stress induction
Although it is widely believed that hydrogen peroxide freely penetrates biomembranes, it was recently shown that limited plasma membrane permeability to H 2 O 2 protects S. cerevisiae and E. coli against H 2 O 2 -induced oxidative stress [27] [28] [29] [30] . The latter are in accordance with the previous study reported that in E. coli strain, which does not generate an extracellular/intracellular gradient of hydrogen peroxide, catalase only protected high density or colonial bacteria and did not protect low density or individual cells [31] . Therefore, it can be suggested that cell density may influence the yeast response to oxidative stress. We next examined the activity of catalase and SOD under hydrogen peroxide stress induced in yeast suspension with higher cell density (OD 600 0.5). In this case, the activities of catalase and SOD were similar to ones found for yeast cells resuspended to an OD 600 of 0.1 (data not shown).
To investigate the sensitivity of yeast to hydrogen peroxide, H 2 O 2 is usually added to cells resuspended in K-phosphate buffer according to the method by Flattery-O'Brien [8, 20, 32] . However, to study the effects of oxidative stress on the protein levels and enzyme activities cells are usually resuspended in a cultivation medium containing hydrogen peroxide [8, 10, 11, 32] . Figure 2A shows the influence of different concentrations of hydrogen peroxide on catalase activity in S. cerevisiae YPH98 cells resuspended in YPD medium to an OD 600 of 0.1 and an OD 600 of 0.5. In both cases, treatment of yeast suspensions with 0.25 − 0.5 mM H 2 O 2 resulted in elevation of catalase activity by only about 2−3-fold. However, at H 2 O 2 concentration of 1.0 mM and the highest concentrations used the activity of catalase differs in two suspensions with the various optical densities. Therefore, it can be concluded that cell density is important for yeast sensitivity to oxidative stress induced by high concentrations of hydrogen peroxide. However, under these conditions we again did not find the effects similar to the abovementioned observations [1, 2] . The activity of SOD in S. cerevisiae YPH98 cells resuspended in YPD medium to an OD 600 of 0.5 and an OD 600 of 0.1 and incubated with different H 2 O 2 concentrations is given in Figure 2B . There is no difference in the enzyme activities in two suspensions with different cell concentrations. However, in contrast to yeast cells resuspended in K-phosphate buffer (see Figure 1B) , SOD activity increased by 1.6-fold in cells resuspended in YPD medium to an OD 600 of 0.5 and treated with 0.25 mM H 2 O 2 and to an OD 600 of 0.1 and exposed to hydrogen peroxide at a concentration of 0.5 mM. Under all conditions used in this study, SOD activity dropped in similar manner with the increase of hydrogen peroxide amounts ( Figures 1B and 2B ).
Effect of time exposure on catalase and SOD activities
It has been previously shown that response in E. coli depended on the manner of oxidative stress induction, e.g. time of exposure to hydrogen peroxide [10] [11] [12] . Therefore, we investigated the time course of the activities of antioxidant enzymes. Figure 3 shows the effects of oxidative stress induced by 0.25 mM hydrogen peroxide over different exposures on catalase activity in S. cerevisiae YPH98 cells resuspended in K-phosphate buffer to an OD 600 of 0.1. Control experiments (without H 2 O 2 ) showed that the activity of catalase increased by 1.6-fold (P < 0.005) over the 120-min incubation period. The activity of catalase also rose with the increase of hydrogen peroxide concentration, but due to high variation in some trials, a significant increase was seen only for yeast exposed to hydrogen peroxide during the 30-and 120-min incubation periods as compared with the respective control values. For example, 120-min stress caused an increase of 2.2-fold in the enzyme activity. In the case of yeast cells resuspended in K-phosphate buffer to an OD 600 of 0.5, control experiments (without H 2 O 2 ) showed that catalase activity elevated within the 120-min incubation period with no significant difference relatively to the respective values for yeast cells exposed to hydrogen peroxide (not shown). It should be noted that we have not found any increase in SOD activities in cells resuspended in K-phosphate buffer to an OD 600 of 0.5 and an OD 600 of 0.1 and exposed to 0.25 mM hydrogen peroxide over different incubation periods (not shown). 
Conclusion
In summary, we found that under different conditions used in this study, low concentrations of hydrogen peroxide caused the increase in catalase activity by 2 − 3-fold and weak elevation (1.6-fold) or no increase in SOD activity at all in S. cerevisiae YPH98. These data do not correspond to high level of synthesis of proteins of catalase and SOD observed in the same yeast strain [1, 2] . The active enzymes are the final step in the adaptive response of microbes to any stress. That is why the post-transcriptional regulation is the most important stage in the flow of the genetic information that allows for an immediate cell adaptation to any dramatic changes in the external conditions. It is well known that exposure of microrganisms to low sublethal concentrations of hydrogen peroxide leads to the acquisition of cellular resistance to a subsequent lethal oxidative stress [5, 6, [13] [14] [15] [16] . Taking together all these data, one may suggest that yeast cells exposed to low doses of hydrogen peroxide rapidly respond by the induction of gene expression and translation accumulating stress-protectant molecules. Since a sudden increase in catalase and SOD activities could dramatically disturb the intracellular redox homeostasis, it seems to be that after yeast treatment with low concentrations of hydrogen peroxide most of the respective protein molecules synthesized de novo remain in non-active form, but such accumulation of non-active stress-protectant molecules provides capability of the cells to respond quickly and survive consequent lethal challenge.
